Experimental studies indicate that dopaminergic neurons in the ventral periaqueductal gray matter (PAG) are involved in maintenance of wakefulness. Excessive daytime sleepiness (EDS) is a common manifestation of multiple system atrophy (MSA) and dementia with Lewy bodies (DLB) but involvement of these neurons has not yet been explored.
Recent rat studies have identified a group of dopaminergic neurons in the ventral periaqueductal gray matter (PAG) that appear to be critical for maintenance of wakefulness. 1 These neurons are active during wakefulness, are connected with forebrain and brainstem areas involved in control of arousal, and their depletion results in increased total sleep time in rats. 1 Excessive daytime sleepiness (EDS) is a common manifestation of multiple system atrophy (MSA) [2] [3] [4] and Lewy body disorders, including dementia with Lewy bodies (DLB). [5] [6] [7] In both MSA and Lewy body disorders, there is loss of several neuronal groups involved in maintenance of the waken state, including cholinergic neurons of the mesopontine tegmentum, 8 noradrenergic neurons in the locus ceruleus, 9 serotonergic neurons of the rostral raphe, 9, 10 and hypocretin/orexin neurons of the lateral hypothalamus. [11] [12] [13] However, involvement of putative wake-active dopaminergic groups in the ventral PAG has not yet been explored in MSA or DLB. We sought to determine whether there was involvement of these neurons and accumulation of characteristic ␣-synuclein inclusions in the ventral PAG in cases with neuropathologically confirmed MSA or limbic or neocortical Lewy body disease (LBD). METHODS Subjects. Brains were obtained at autopsy from 36 subjects (table). All patients had signed informed consent for autopsy according to the Institutional Review Board guidelines. Twelve cases (9 men, 3 women, age 61 Ϯ 3 years) had clinical and neuropathologically proven MSA according to current criteria 14, 15 ; 12 cases (11 men, 1 woman, age 79 Ϯ 4 years) had clinical diagnosis of DLB and neuropathologic neocortical or limbic stage Lewy body disease (LBD) 16 ; and 12 control cases (7 men, 5 women, ages 67 Ϯ 4 years) had no history of neurologic disease. As a group, the DLB cases were older ( p Ͻ 0.01) than the control and MSA cases; there was no significant age difference between MSA and control cases. There was no significant difference in disease duration between the MSA (6 Ϯ 1 year) and DLB (9 Ϯ 2 years) cases.
Of the 12 MSA cases, 7 had predominant parkinsonism (MSA-P) and 5 predominant cerebellar involvement (MSA-C) and all had severe autonomic failure, including orthostatic hypotension. All 12 cases with clinical diagnosis of DLB had dementia and parkinsonism; 10 of them had visual hallucinations, and 5 had orthostatic hypotension. Excessive daytime sleepiness was present, by history, in 6 of the 12 MSA (3 MSA-P and 3 MSA-C) and 6 of the 12 DLB cases. None of the DLB cases was on treatment with levodopa or dopamine agonists at the time of evaluation. Unfortunately, none of the MSA or DLB cases had undergone assessment with validated scales such as the Epworth Sleepiness Scale (ESS). 17 Polysomnogram (PSG) had been performed in 4 of 6 patients with MSA and 6 of the 6 patients with DLB who had EDS. Polysomnography was performed according to current standards, using a digital polygraph (Cardinal Health/ Viasys, NicoletOne) with 3 EEG leads (Fz-Cz, Cz-Oz, C3-A2 or C4-A1); 2 electrooculography (EOG); submental EMG; tibialis EMG, extensor or flexor digitorum EMG; electrocardiogram (ECG); rib cage and abdominal respiratory inductance plethysmography; nasal pressure transducer; oral/nasal Thermocouple; oxygen saturation via finger pulse oximetry; and sonography via decibel meter and body position (visual inspection). Scoring of all polysomnographic data were made according to the guidelines of The AASM Manual for the Scoring of Sleep and Associated Events; Rule, Terminology and Technical Specifications (American Academy of Sleep Medicine, Westchester, IL, 2007). Stridor was diagnosed via auditory identification and PSG documentation. Polysomnogram revealed REM sleep behavior disorder (RBD) in all MSA and DLB cases. Obstructive sleep apnea (OSA) was documented in the 4 patients with MSA and in 4 of the 6 patients with DLB who underwent PSG. Laryngeal stridor was present in 3 patients with MSA and none of the patients with DLB. Treatment with nocturnal continuous positive airway pressure (CPAP) resulted in improvement of EDS in these patients according to the medical record. However, the degree of improvement could not be assessed reliably given that EDS was not assessed using a standardized scale. By history, CPAP prevented laryngeal stridor in the MSA cases.
Postmortem delay was similar in control (17 Ϯ 2 hours), MSA (18 Ϯ 5 hours), and DLB (18 Ϯ 4 hours) groups. The left half of the brain was examined for routine neuropathologic studies, including ␣-synuclein immunostaining. The neuropathologic diagnosis of MSA or LBD was made according to current consensus criteria. 15, 16 The presence of neurofibrillary tangles and senile plaques was classified in each case according to the stages of Alzheimer disease (AD) as described by Braak and Braak (B&B) 18 and defined by the Consortium to Establish a Registry for Alzheimer's Disease (CERAD). 19 Of the 12 MSA cases, 10 had severe involvement of the putamen and substantia nigra pars compacta and 6 had moder- ate to severe involvement of the pons, inferior olivary nucleus, and cerebellum. All cases had moderate to severe accumulation of glial cytoplasmic inclusions (GCIs) in these regions. One MSA case had mild to moderate and 2 had only rare associated Lewy body pathology. Eleven MSA cases had B&B staging 0 -II, and 1 had stage III; none fulfilled CERAD criteria for AD. Of the DLB cases, 11 had neocortical and one had limbic stage LBD. 16 Of the 11 neocortical stage LBD cases, 8 had B&B stage III AD pathology, 1 had CERAD criteria for possible AD; 1 had B&B stage 0 -I and normal CERAD stage; and 1 case had B&B stage VI and CERAD criteria for definite AD. The single limbic stage LBD case had B&B stage 0 -I and normal CERAD stage. A block containing the midbrain from 33 to 47 mm rostral to the obex to include the whole extent of the PAG was separated in each case for the purposes of the present study. These blocks were immersion fixed in 5% formalin for 24 hours at 4°C and cryoprotected in buffered 30% sucrose for 5 to 7 days prior to processing. Serial 50-m cryostat sections were obtained and every eighth section was processed for immunoreactivity for either tyrosine hydroxylase (TH, mouse monoclonal, 1:3,000, Immunostar, Hudson, WI) or ␣-synuclein (goat polyclonal, 1:400, Santa Cruz Biotechnologies, Santa Cruz, CA). Diaminobenzidine/glucose oxidase solution with nickel enhancement (SIGMA, St. Louis, MO) was used for the substrate reaction. Immunoreactive neurons were identified under bright-field illumination by a characteristic dark brown to black reaction product that densely fills the perikarya and their processes. Omission of the primary antibody or incubation with normal sera resulted in a lack of immunostaining. All sections were costained with thionin to identify surrounding structures and to determine whether loss of immunoreactivity reflected neuronal loss or lack of expression of the antigen. In selected cases, 5-m paraffinembedded sections were processed for immunofluorescence for ␣-synuclein (LB509 mouse monoclonal 1:50-dilution; Zymed, San Francisco, CA) with Alex fluor 488 fluorochrome (Molecular Probes, Eugene, OR); TH (rabbit polyclonal; 1:600, Affinity Bioreagents, Rockford, IL) with Alex fluor 568 fluorochrome (Molecular Probes, Eugene, OR), to assess colocalization of ␣-synuclein inclusions with TH-immunoreactive neurons in the ventral PAG.
Image analysis and quantitation. For each control, MSA, or LBD case, we analyzed 14 sections, obtained 800 m apart to span the length of the PAG according to the atlas of Paxinos and Huang. 20 The sections were examined under bright-field microscopy using stereologic techniques. Cell counts were performed using a modified light microscope (Zeiss Axioimager A-1; Zeiss, Thornwood, NY) equipped with a motorized specimen stage for automated sampling (Ludl Electronics; Hawthorne, NY), CCD color video camera (Microfire; Optronics, Goleta, CA), and stereology software (Stereo Investigator, v9.2; MBF Bioscience, Williston, VT). Stereologic analysis of the total number of neurons welldefined by their strong immunoreactivity was performed using the optical fractionator method. All systematic unbiased random samples in each section were analyzed according to established criteria. 21 The same investigator, blinded to the clinical and final neuropathologic diagnoses, performed all counts.
Statistical analysis. Statistical analysis was performed using the software SPSS 14.0 for Windows. Multivariate analysis of variance was used to determine if age, gender, disease duration, postmortem delay, or history of EDS, OSA, or RBD had any effect on cell counts. We also analyzed the cell count comparing controls and the 2 patient groups using univariate analysis of variance. Post hoc analysis was then conducted using Dunnett's and Bonferroni's formulas. A p value of Ͻ0.05 was considered significant.
RESULTS TH cell counts in the ventral PAG.
Tyrosine-hydroxylase cells were identified in the ventral PAG in all cases (figure 1). These cells were located slightly lateral to the midline and had a morphology and orientation similar to those described for the wakeactive dopaminergic neurons in the ventral PAG in the rat, 1 except in that they were only rarely seen in the area corresponding to the dorsal raphe in humans. Compared to the total estimated number of THimmunoreactive cells in the ventral PAG in controls (21,488 Ϯ 8,324 cells), there was marked loss of these cells in both MSA (11,727 Ϯ 5,984, p ϭ 0.001) and LBD cases (5,163 Ϯ 1,926; p controls [p ϭ 0.000]) (figure 2). The degree of cell loss was more marked in LBD than in MSA (p ϭ 0.035; posthoc analysis, Bonferroni test) ( figure 2 ). Since only one of our LBD cases had limbic stage pathology, we could not compare the degree of cell loss with that in the neocortical stage LBD. On multivariate analysis, there was no significant effect of age, gender, disease duration, postmortem delay, disease phenotype (MSA-C vs MSA-P), or presence or absence of history of EDS (p ϭ 0.507), OSA (p ϭ 0.767), or RBD (p ϭ 0.327) on the total estimated TH cell counts. There was no significant difference in the number of remaining non-TH-immunoreactive neurons in the ventral PAG among controls, MSA, or LBD cases. On multivariate analysis, age, gender, disease duration, postmortem delay, disease phenotype (MSA-C vs MSA-P), or presence or absence of history of EDS, OSA, or RBD did not have any significant effect on non-TH cell counts in the ventral PAG. Cell counts for each individual case are listed in table e-1 on the Neurology ® Web site at www.neurology.org.
␣-Synuclein-immunoreactive inclusions in the ventral
PAG. There were abundant GCIs in the ventral and other portions of the PAG in all MSA cases (figure 3) in the proximity of TH-immunoreactive cells ( figure  4) . In LBD cases, there were also Lewy bodies and neurites in the ventral and other portions of the PAG ( figure 3) ; Lewy bodies were present in THimmunoreactive cells ( figure 4) . DISCUSSION Our findings indicate that there is loss of TH-immunoreactive neurons and accumulation of characteristic ␣-synuclein-immunoreactive inclusions in the ventral PAG in both MSA and LBD. Tyrosine hydroxylase is a marker of all catecholaminergic neurons and thus cannot differentiate dopaminergic from noradrenergic neurons. Although we did not process the tissue for markers of noradrenergic neurons, such as dopamine-␤hydroxylase, the distribution, morphology, and orientation of the TH cells studied was similar to those of the dopaminergic neurons described in the ventral PAG of the rat 1 and probably represent a similar pop-ulation. Elegant studies in the rat show that dopaminergic neurons in the ventral PAG have an important contributory role in maintenance of wakefulness. 1 These neurons are selectively activated during wakefulness and have extensive reciprocal connections with areas involved in regulation of the sleep-wake cycle, including the ventrolateral preoptic area, lateral hypothalamic hypocretin/orexin neurons, cholinergic neurons of the laterodorsal tegmental nucleus, and locus ceruleus. 1 Loss of these wakeactive dopaminergic neurons as a result of local administration of 6-hydroxydopamine in the ventral PAG increased total day sleep time by approximately 20% in the rat. 1 Therefore, our present findings might suggest that loss of TH-immunoreactive (presumably dopaminergic) neurons in the ventral PAG may contribute to EDS in MSA and DLB.
The degree of TH cell loss in the ventral PAG was significantly more marked in LBD than in MSA. Our patients with LBD were significantly older than our patients with MSA or controls, suggesting that age-related neuronal loss may have contributed to these differences. However, neither age nor disease duration was significantly associated with the degree of TH cell loss on multivariate analysis. Thus, like the case of serotonergic neurons in the dorsal raphe, 10 the ventral PAG appears to be more vulnerable to TH cell loss in LBD than in MSA. Since most of our LBD cases were neocortical and only 1 had limbic stage LBD, extrapolation of our findings to other stages of LBD requires studies of a larger number of cases.
The presence of GCIs in the MSA and Lewy body pathology in DLB cases is consistent with evidence that the PAG is a target in neurodegenerative disorders such as Parkinson disease 9, 22 and AD. 23 The PAG forms an interface between the forebrain and the lower brainstem and consists of separate columns that have specific connections and critical roles in coordinating behavioral, motor, autonomic, and pain-modulatory responses to a variety of stimuli. 24 Many of these responses are mediated by projections from the PAG to the rostral ventrolateral medulla and medullary raphe, which are involved in both MSA and LBD. 25 Our results thus indicate that the PAG is yet another target of disorders that systematically affect brainstem and forebrain areas involved in homeostasis. Given the different connections and functions of the different PAG columns, it is possible that there is a regional susceptibility to involvement in synucleinopathies, as occurs in the case of AD. 23 We found no significant differences in the degree of dopaminergic cell loss in the ventral PAG in either MSA or DLB cases with or without history of EDS. However, these findings have to be interpreted with caution given several limitations in assessment EDS in our study. Since this was a retrospective analysis using data available from medical records, it is possible that many patients with MSA or LBD were not specifically asked about the presence of EDS and therefore the true prevalence of EDS in our patients may have been underestimated. EDS had not been assessed with standardized questionnaires in these patients, which makes it difficult to determine its severity or response to treatment. Most of our cases with history of EDS had coexisting conditions, particularly sleep apnea, that could at least partially account for this symptom. Finally, the number of cases analyzed may have been too small to show any clear differences. Therefore, the lack of a clear relationship between the degree of dopamine cell loss in the ventral PAG and EDS does not exclude a role of these cells in maintenance of wakefulness in humans. However, other possibilities, not mutually exclusive, may also contribute to explain the lack of clear relationship between TH cell loss in the ventral PAG and EDS in our cases. The most likely explanation is that EDS in synucleinopathies is multifactorial. All our cases that presented with history of EDS had polysomnographic evidence of obstructive sleep apnea. This is consistent with the evidence that sleep apnea is an important cause of EDS in MSA 2-4 and DLB. [5] [6] [7] Furthermore, both MSA and LBD are associated with loss of other wake-active neuronal groups in the hypothalamus and brainstem, including cholinergic mesopontine, 8 noradrenergic locus ceruleus, 9 serotonergic raphe, 9, 10 and hypocretin/orexin lateral hypothalamic [11] [12] [13] neurons.
Our findings indicate that, in both MSA and LBD, there is loss of putative wake-active dopaminergic neurons in the ventral PAG. Loss of these neurons may contribute to EDS in MSA and DLB. However, given the limitations of our study in assessing EDS and the presence of coexisting conditions, studies on larger groups of patients with well-defined EDS and no other contributory factors may help to further define the contribution of these neurons to maintenance of wakefulness in humans.
